TPPP/p25 (tubulin polymerization-promoting protein/p25) is an unstructured protein that induces microtubule polymerization in vitro and is aligned along the microtubule network in transfected mammalian cells. In normal human brain, TPPP/ p25 is expressed predominantly in oligodendrocytes, where its expression is proved to be crucial for their differentiation process. Here we demonstrated that the expression of TPPP/p25 in HeLa cells, in doxycycline-inducible CHO10 cells, and in the oligodendrocyte CG-4 cells promoted the acetylation of ␣-tubulin at residue Lys-40, whereas its down-regulation by specific small interfering RNA in CG-4 cells or by the withdrawal of doxycycline from CHO10 cells decreased the acetylation level of ␣-tubulin. Our results indicate that TPPP/p25 binds to HDAC6 (histone deacetylase 6), an enzyme responsible for tubulin deacetylation. Moreover, we demonstrated that the direct interaction of these two proteins resulted in the inhibition of the deacetylase activity of HDAC6. The measurement of HDAC6 activity showed that TPPP/p25 is able to induce almost complete (90%) inhibition at 3 M concentration. In addition, treatment of the cells with nocodazole, vinblastine, or cold exposure revealed that microtubule acetylation induced by trichostatin A, a well known HDAC6 inhibitor, does not cause microtubule stabilization. In contrast, the microtubule bundling activity of TPPP/p25 was able to protect the microtubules from depolymerization. Finally, we demonstrated that, similarly to other HDAC6 inhibitors, TPPP/p25 influences the microtubule dynamics by decreasing the growth velocity of the microtubule plus ends and also affects cell motility as demonstrated by time lapse video experiments. Thus, we suggest that TPPP/p25 is a multiple effector of the microtubule organization.
TPPP/p25 (tubulin polymerization-promoting protein/p25) is an unstructured protein, originally identified in oligodendrocytes and considered as brain-specific (1, 2) . However, its occurrence in ciliary structures has been recently reported (3) . This protein is a new marker for synucleinopathies (4) . In pathological conditions, TPPP/p25 is enriched in filamentous ␣-synuclein-bearing Lewy bodies of Parkinson disease (PD) 2 and diffuse Lewy body disease (5) as well as in glial cytoplasmic inclusions from multiple system atrophy brain tissues (6) . TPPP/p25 polymerizes tubulin in vitro into normal and aberrant microtubules depending on its concentration and its phosphorylation state (7, 8) . When expressed at low level in transfected HeLa cells, TPPP/p25 colocalizes specifically with the microtubules and induces microtubule bundling (9) . This colocalization along the microtubules is dynamic, as demonstrated by fluorescence recovery after photobleaching experiments (9) . However, a high expression level of TPPP/p25 induces aberrant microtubule ultrastructures, such as perinuclear cages and aggresomes, which mimic the formation of pathological brain inclusions (9) . Our studies on primary oligodendrocytes and on the CG-4 oligodendrocyte cell line demonstrated that TPPP/ p25 expression is crucial for their differentiation process, probably via a role in the rearrangement of the microtubule network during the process elongation prior to the onset of myelination (10) . The down-regulation of TPPP/p25 by using TPPP/p25 siRNA or by overexpressing a specific microRNA (miR-206) resulted in the inhibition of the differentiation/myelination of oligodendrocytes (10) .
The formation and maintenance of the microtubule network dynamics during differentiation, cellular polarization, and migration rely on the pronounced reorganization of the cytoskeleton (11) (12) (13) . Several factors have been postulated to affect the dynamics of the microtubule system. First, the binding of microtubule-associated proteins (MAPs) to the microtubules increases their stability (14, 15) . Second, tubulin is subjected to a number of post-translational modifications, such as phosphorylation, acetylation, tyrosination, polyglycylation, and polyglutamylation (16 -18) . Notably, the reversible post-translational acetylation of ␣-tubulin at residue Lys-40 correlates with increased stability of the acetylated microtubules (19 -21) , suggesting a role in the regulation of the microtubule dynamics (20) . However, the role of ␣-tubulin acetylation in the microtubule stabilization is not well defined and has been recently questioned (22) .
The ␣-tubulin acetylation and deacetylation have been under intense investigation. For instance, the class II HDAC6 (histone deacetylase 6) is a well characterized tubulin deacetylase. HDAC6 is ubiquitously expressed and conserved in a wide range of species (23) . HDAC6 is unique among the zinc-depen-* This work was supported by FP6 -2003-LIFESCIHEALTH-I: BioSim and by dent HDACs in many respects. For instance, HDAC6 has a primary cytoplasmic localization, and its inhibition by a specific inhibitor or by RNA interference can increase the level of acetylated tubulin and alter cell motility (24) . SIRT2 (silent information regulator 2) is another tubulin deacetylase implicated in the mitotic regulation of the microtubule dynamics through its binding to HDAC6 (25) . SIRT2 is expressed in oligodendrocytes and decelerates cellular differentiation through deacetylation of ␣-tubulin. The knockdown of SIRT2 in oligodendrocytes increased ␣-tubulin acetylation and the complexity of cellular arborization, whereas its overexpression had the opposite effect (26) . Much less is known about the tubulin acetyltransferase(s) responsible for tubulin acetylation. Very recently, a report has suggested that an acetyltransferase complex consisting of N-acetyltransferase 1 and arrest-defective 1 mediates tubulin acetylation (27) . Furthermore, a six-subunit histone acetyltransferase elongator complex has been identified in neuronal cells as being responsible for tubulin acetylation (28) .
The disturbance of the ␣-tubulin acetylation level may play a role in the etiology of certain neurodegenerative diseases, such as PD and Huntington disease (29, 30) . Notably, the degree of ␣-tubulin acetylation was found to be low in Huntington disease brains, and the microtubule-dependent transport of vesicles containing the brain-derived neurotrophic factor was reduced, leading to neuronal cell death (30) . In striatum-derived neuronal cell lines, the inhibition of HDAC6 by trichostatin A (TSA) increased the amount of acetylated microtubules and stimulated the vesicular transport of the brain-derived neurotrophic factor (30) . In models of PD, SIRT2 inhibition was found to rescue ␣-synuclein-induced neuronal toxicity (29) by causing resistance to axonal degeneration in cerebellar granule neurons (31) .
In this work, we studied the effects of TPPP/p25 on the tubulin acetylation and on the organization and dynamics of the microtubule network in three different cell lines showing different expression levels of TPPP/p25. Our results suggest that the expression of TPPP/p25 inhibits HDCA6 activity and promotes acetylation of the microtubule network. Moreover, we provide evidence that the stability of the microtubule network is affected by the bundling activity of TPPP/p25 and not necessarily by the concomitant enhancement of ␣-tubulin acetylation. We also show that TPPP/p25 affects both the growth velocity of microtubules plus ends and the microtubule-derived cell motility.
EXPERIMENTAL PROCEDURES
Cell Cultures, Transfection, and Manipulations-The HeLa cells (CCL-2) (ATCC) were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum (FCS), 1 mM sodium pyruvate, 100 unit/ml streptomycin, and 100 g/ml penicillin (all reagents from Sigma) in a humidified incubator at 37°C with 5% CO 2 . The cells were grown on 12-mm diameter coverslips for microscopic analysis and on 60-mm dishes for all other experiments. Transfections of HeLa cells with the pEGFP-TPPP/p25 (9), pDsRed2-TPPP/p25, EB3 (pGFP-End-binding protein 3) (kindly provided by Niels Galjart, MGC. Department of Cell Biology and Genetics, Erasmus Medical Center, Rotterdam, The Netherlands), and pEGFP-C1 (Clontech) plasmids were carried out using Fugene HD reagent (Roche Applied Science) according to the manufacturer's instructions. The samples were analyzed 24 h after transfection by immunocytochemistry. When indicated, the cells were treated with TSA (10 nM or 500 nM, overnight) or nocodazole (0.4 M, 30 min) (all reagents obtained from Sigma). The combined TSA/nocodazole treatment was carried out by treating the samples with nocodazole (0.4 M, 30 min) before the end of the incubation with TSA (500 nM, overnight). For cold depolymerization, the cells were incubated at 4°C for 90 min before fixation. For cell motility and EB3 measurements, the cells were treated with either TSA (500 nM) or paclitaxel (40 nM) for 4 h before monitoring.
The CG-4 cells (a kind gift of Dr. Jean-Claude Louis (Amgen)) were propagated in Dulbecco's modified Eagle's medium-N1 medium containing 30% of the same medium conditioned by the neuroblastoma cell line B104 (70/30 medium) (32), 100 units/ml streptomycin, and 100 g/ml penicillin (all reagents from Sigma). To promote the maturation of oligodendrocyte progenitor cells into differentiated oligodendrocytes, the CG-4 cells were grown in Dulbecco's modified Eagle's medium-N1 supplemented with 40 ng/ml triiodothyronine (Sigma) and 20 ng/ml ciliary neutrophic factor (Sigma) (33) . To induce differentiation, the cells were incubated in the differentiation medium for an additional 4 days. For immunofluorescence microscopy, 2 ϫ 10 4 cells were plated onto poly-L-ornithine-coated glass coverslips and transfected for 24 h with 20 ng of siRNAs using Fugene HD reagent (Roche Applied Science). For immunoblotting, the CG-4 cells were plated onto poly-Lornithine-coated 6-well plates (10 5 cells/well) and transfected with 120 ng of siRNAs using Fugene HD reagent (Roche Applied Science).
The doxycycline-inducible CHO-K1 Tet-On cell line (provided by Prof. Gyula Hadlaczky, Biological Research Center, Szeged, Hungary) was maintained in Dulbecco's modified Eagle's medium supplemented with 10% Tet-On approved FCS (Clontech) according to the manufacturer's description. The transfection with pTRE2hyg-TPPP/p25 was carried out with Fugene HD reagent (Roche Applied Science) according to the manufacturer's instructions, and a TPPP/p25 stable expressing clone (CHO10) was further selected after subcloning. For Western blot analysis, 2 ϫ 10 4 CHO10 cells were plated in the standard medium (control) or in the induction medium obtained by adding 50 or 500 nM doxycycline (ϩDox) and incubated for 7 days. On day 6, the cells were split and cultured with or without doxycycline (ϪDox).
DNA Manipulation-The coding sequence of TPPP/p25 was obtained by PCR using the pEGFP-TPPP/p25 plasmid (9) as template and the primers 5Ј-AGATACACATATGGCTGA-CAAGGCTAAGC-3Ј and 5Ј-GTGCTCGAGCTTGCCCCCT-TGC-3Ј. The PCR fragment was digested with XhoI and NdeI and cloned between the appropriate restriction sites of the pET21c vector (Novagen), resulting in the pET21c-TPPP/p25 plasmid. For the construction of the pDsRed2-p25 plasmid, the same template was amplified using the following primers: 5Ј-AGATACTCGAGGGATGGCTGACAAGGCTAAGC-3Ј and 5-ATCGAATTCCTACTTGCCCCCTTGCACCTTCTGG-3Ј. The PCR product was digested with XhoI and EcoRI and ligated in the pDsRed2-C1 vector (Clontech). For the pTRE2hyg-TPPP/p25 construct, the same template was used with the primers 5Ј-AGATAGGATCCGGATGGCTGACAA-GGCTAAGC-3Ј and 5-ATCGCTTAGCTACTTGCCCCCT-TGCACCTTCTGG-3Ј. After digestion with BamHI and NheI, the insert was ligated in the pTRE2hyg vector (Clontech). All constructs were verified by DNA sequencing.
siRNA Experiments-The siRNA1 (5Ј-CCAAUCAGGAAA-GGGCAAGGGCAAA-3Ј) against TPPP/p25 was obtained from Invitrogen. A fluorescently labeled scrambled siRNA (Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)) was used as a negative control.
Protein Purification-Recombinant human TPPP/p25 was expressed in Escherichia coli BL21 (DE3) cells and isolated on HIS-Select TM cartridge (catalog no. H8286, Sigma) as described previously (8) .
Differential Extraction of Tubulin Species-The differential extraction of tubulin and microtubules from the cellular samples was performed using a two-step extraction procedure (34) . In brief, 10 5 HeLa cells/well were plated in a 6-well tissue culture plate and incubated overnight. The cells were treated with the agents 500 nM TSA for 4 h and 40 nM paclitaxel or 500 nM vinblastine (VBL) for 1 h, and the combined TSA/VBL treatment was carried out by adding 500 nM VBL for 1 h before the end of the TSA treatment. At the end of the incubation, the cells were washed with prewarmed phosphate-buffered saline (PBS), and the soluble tubulin fraction was isolated in situ by using 100 l of microtubule-stabilizing buffer (80 mM Pipes) (pH 6.8), 1 mM MgCl 2 , 1 mM EGTA, 0.5% Triton X-100, 10% glycerol and protease inhibitors) (all from Sigma) prewarmed at 37°C and by keeping the tissue culture plate at the same temperature. Next, the cells were quickly washed with prewarmed microtubulestabilizing buffer, and the fractions of polymerized microtubules were extracted in 100 l of microtubule-destabilizing buffer (20 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 10 mM CaCl 2 , and protease inhibitors) (all from Sigma) at room temperature. The extracts were chilled on ice, and both fractions were centrifuged to obtain a clarified supernatant for SDS-PAGE.
Immunoblotting-For Western blot analysis, the cells were lysed in 100 l of radioimmune precipitation buffer supplemented with protease inhibitors (both obtained from Sigma). After lysis, the samples were centrifuged, and supernatants were kept at Ϫ70°C. The tubulin, acetylated tubulin, and TPPP/p25 were detected by using a monoclonal antibody against ␣-tubulin (DM1A, Sigma), Lys-40-acetylated-␣-tubulin (6-11B-1, Sigma) and rat polyclonal sera against recombinant TPPP/p25 (5), respectively.
Immunocytochemistry-For immunofluorescence microscopy analysis, the HeLa cells were fixed with ice-cold methanol for 10 min. After 15 min in PBS, the samples were blocked for 30 min in PBS containing 0.1% Triton X-100 (TPB) and 5% FCS (TPB-FCS). The cells were stained with a monoclonal ␣-tubulin antibody (1:1000, DM1A, Sigma) or a monoclonal antibody against Lys-40-acetylated-␣-tubulin (1:1000, 6-11B-1, Sigma), followed by Texas Red-conjugated anti-mouse antibody (1:1000, Invitrogen). The samples were washed for 7 min, three times with TPB after each antibody incubation.
The CG-4 cells were fixed for 5 min using 0.25% glutaraldehyde (EM grade, Sigma) and 4% paraformaldehyde (Sigma). The cells were rinsed in PBS (three times for 5 min each), and residual glutaraldehyde was quenched by 0.1 M NH 4 Cl. The samples were blocked in TPB-FCS for 30 min and sequentially incubated for 2 h in the presence of the primary and secondary antibodies. The rat polyclonal serum against recombinant TPPP/p25 (5) and the monoclonal antibody against Lys-40-acetylated-␣-tubulin were used as described above. The affinity-purified secondary antibodies against mouse and rat IgGs conjugated with Texas Red or Alexa-488 were obtained from Invitrogen.
The coverslips were mounted with GelMount (or CrystalMount) and sealed with Clarion (all reagents from Biomeda). Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI).
Microscopy-The pictures of fixed samples were acquired on a Leica DMLS epifluorescent microscope as described previously (9) . For densitometric analysis, the images were collected under constant exposure parameters. The determination of acetylated tubulin or TPPP/p25 levels was performed by using the Analyze, Measure option of the National Institutes of Health ImageJ software. The whole territory of each cell was outlined by the Freehand Line tool and analyzed by taking the sum of the gray values of the pixels in the selection (integrated density (IntDen)) and by subtracting the background.
The time lapse recordings were performed on a computercontrolled Leica DM IRB inverted microscope equipped with ϫ20/0.4 N-Plan (for cell motility) or ϫ100 (for EB3-GFP motility). The cell cultures were kept at 37°C in a humidified 5% CO 2 atmosphere within a CellMovie incubator attached to the microscope. The objective ϫ100/1.2-0.6 W N-Plan was equipped with an objective heating ring for temperature control. The fluorescent images were acquired every 10 min for 3 days to follow the cell motility or every 5 s for 2 min to determine the GFP-EB3 motility. All images and videos were processed using the ImageJ software, and data were analyzed using the Microsoft Excel software. For time lapse experiments, the Particle Analysis, Manual Tracking plug-in of ImageJ was used. For cell motility analysis, the position of the cells in each time lapse frame was determined by taking the center of the nuclei. For the measurement of GFP-EB3 motility, the tip of the GFP-EB3 dashes was determined for every frame. Only dashes that could be followed for at least three consecutive frames were taken into account.
Surface Plasmon Resonance (SPR)-SPR measurements were performed on a BIAcore X instrument (GE Healthcare). A stock solution of HDAC6 (0.6 mg/ml) was diluted into 50 mM sodium acetate (pH 4.0) at a final concentration of 10 g/ml. 100 l of this solution was then injected at a flow rate of 5 l/min on a CM5 sensorchip activated by the amine coupling method according to the manufacturer's instructions. The control flow cells were prepared similarly except that the coupling assay did not contain HDAC6. For the measurements of the interaction between HDAC6 with TPPP/p25, 30 -60 l of TPPP/p25 samples were injected at different concentrations over the HDAC6-covered surface at a flow rate of 10 l/min. To characterize the interaction of HDAC6 with the TPPP/p25-tubulin complex, a constant concentration of TPPP/p25 (90 nM) complexed with different concentrations of tubulin was injected under the same condition. The binding and dissociation of TPPP/p25 and the TPPP/p25-tubulin complex were performed in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.4) buffer containing 150 mM NaCl and 0.005% P-20 detergent (GE Healthcare). After each cycle, the chips were regenerated by injecting 50 mM NaOH for 30 s. All experiments were repeated at least three times. The steady-state binding level of TPPP/p25 to HDAC6 was evaluated by non-linear fitting using the BIAEvaluation 4.1 software.
HDAC6 Activity Assay-HDAC6 activity was measured using a fluorimetric HDAC6 assay kit (BPS Bioscience, San Diego, CA) according to the manufacturer's protocol. The halfmaximal (50%) inhibitory concentration of TPPP/p25 (IC 50 ) was determined from the relative inhibitory effect versus TPPP/ p25 concentration plot.
Statistical Analysis-The error bars represent the S.E. Comparisons were performed using Student's t test, and values were considered to be significant if the calculated p value was Ͻ0.05 (shown by an asterisk).
RESULTS

TPPP/p25
Promotes Tubulin Acetylation-Our preliminary data indicated that the microtubule network of HeLa cells was acetylated following TPPP/p25 transfection. To further characterize the relationship between TPPP/p25 expression and tubulin acetylation, we used three cell lines showing different expression levels of TPPP/p25. The HeLa cells did not express TPPP/p25 endogenously, as revealed by immunocytochemistry using a specific TPPP/p25 antibody (Fig. 1A) . However, TPPP/p25 was aligned along the microtubule network when the cells were transfected with the pEGFP-TPPP/p25 plasmid (Fig. 1D) . In both oligodendrocyte CG-4 progenitor cells (Fig.  1G ) and differentiated CG-4 cells (Fig. 1J ), TPPP/p25 was expressed endogenously, with levels consistent with a strong up-regulation of TPPP/p25 during oligodendrocyte differentiation (10) .
To visualize the level of ␣-tubulin acetylation together with TPPP/p25 expression, the cells were immunostained with a monoclonal antibody against acetylated Lys-40 of ␣-tubulin. The level of acetylated tubulin was rather low in HeLa cells (Fig.  1B) . However, its expression was remarkably promoted by TPPP/p25 (Fig. 1E) . In contrast to HeLa cells, the CG-4 progenitor cells, which expressed TPPP/p25 endogenously, showed immunopositivity for acetylated tubulin (Fig. 1H) . The level of tubulin acetylation increased concomitantly with that of TPPP/p25 during the differentiation of oligodendrocytes (Fig. 1K ), in agreement with a necessary role of tubulin acetylation during cellular maturation (26, 28) .
To establish the role of TPPP/p25 in tubulin acetylation, TPPP/p25 was down-regulated by using previously validated siRNA (10) . Notably, the down-regulation of TPPP/p25 by siRNA1 (Fig. 2C ) in CG-4 progenitor cells led to a decreased acetylated tubulin level ( Fig. 2A) when compared with the untransfected cells (Fig. 2, D and B; respectively) . We quantified this effect by measuring the fluorescence signals of individual cells after immunostaining of the samples with TPPP/p25 and acetylated tubulin antibodies (Fig. 2E) . These data showed a 40% decrease in TPPP/p25 level and an ϳ20% decrease in acetylated tubulin level. This finding was further confirmed by Western blot analysis of the progenitor cells transfected with siRNA1 (Fig. 2F) , where concomitant reduction of TPPP/p25 and acetylated tubulin levels was also detected when compared with the control sample transfected with a scrambled siRNA.
To further explore the influence of TPPP/p25 on tubulin acetylation, we used a stable TPPP/p25-expressing CHO-K1 Tet-On cell line denoted CHO10. The uninduced CHO10 cells (no doxycycline) showed a basal activity of the promoter (leakage), generating a low level of TPPP/p25 (control). When the cells were incubated with 50 or 500 nM doxycycline (Dox 50 or Dox 500, respectively), TPPP/p25 was expressed extensively, which resulted in the enhancement of tubulin acetylation, as revealed by immunoblotting (Fig. 3A) . The total tubulin of each sample was found to be virtually constant and was used to normalize the relative changes of TPPP/p25 and tubulin acetylation (Fig. 3B) . The extent of TPPP/ p25 expression was dependent on the doxycycline concentration. Notably, a higher TPPP/p25 expression level caused more pronounced acetylation of the microtubules. The subsequent withdrawal of the doxycycline (ϪDox 50, ϪDox 500) from the medium extensively decreased the level of TPPP/p25, and this was coupled with a slight reduction in tubulin acetylation. This observation is consistent with what was observed with the CG-4 progenitor cells, where a 40% decrease in the level of TPPP/p25 after siRNA1 transfection caused less than 20% reduction in the tubulin acetylation level. Of note, the production of a similar amount of TPPP/p25 level with 50 nM doxycycline or after withdrawal of 500 nM doxycycline resulted in a similar acetylated tubulin level, confirming that TPPP/p25 is a modulator of tubulin acetylation.
TPPP/p25 Promotes Tubulin Acetylation by Inhibiting HDAC6-mediated Deacetylation-To evaluate the contribution of acetylationrelated enzyme to the acetylation level of tubulin in relation to TPPP/ p25 expression, we modulated the level of tubulin acetylation using TSA as an inhibitor of HDAC6.
The changes in tubulin acetylation level were quantified by measuring the fluorescence signals of individual cells after immunocytochemistry for acetylated tubulin in HeLa cells expressing EGFP-TPPP/ p25 and in control (untransfected) cells (Table 1) . Our results showed that the presence of TPPP/p25 increased ␣-tubulin acetylation by 70% when compared with the untransfected cells (control cells ϭ 100%). The TSA treatment (at 10 and 500 nM) resulted in higher acetylation level (256 and 487%, respectively) when compared with control. The addition of 10 nM TSA to the TPPP/p25-expressing cells increased further the TPPP/p25-derived tubulin acetylation (534%), whereas a higher concentration of TSA (500 nM) did not raise further the acetylation level (490%), indicating that all Lys-40 residues of the microtubule network became post-translationally modified at this inhibitor concentration and that all of the available Lys-40 residue-related epitopes were occupied by acetylated tubulin antibodies. These findings suggest that the promoting effect of TPPP/p25 on tubulin acetylation could result either from the C and D, green) . Downregulation of TPPP/p25 by siRNA1 resulted in a decrease of both TPPP/p25 (D versus C) and acetylated tubulin levels (B versus A). Blue, DAPI. Scale bar, 10 m. Acetylated tubulin and TPPP/p25 levels were quantified by the fluorescence signal of individual cells, as described under "Experimental Procedures," and were expressed relative to the protein levels measured in the control, untransfected cells (100%) (E). Error bars, S.E., n ϭ 100. *, significant difference in the level of acetylated tubulin and TPPP/p25 between control and transfected samples (according to Student's t test, p Ͻ 0.05). Western blot analysis of acetylated tubulin and TPPP/p25 levels after transfection of CG-4 progenitor cells with siRNA1 (F, lanes 1 and 2, from parallel samples) and with scrambled siRNA (F, lanes 3 and 4, from parallel samples). Tubulin was used as a loading control. A representative result of three separate experiments is shown.
inhibition of the deacetylase activity of HDAC6 or from the activation of the tubulin acetyltransferases.
To address this hypothesis, we performed in vitro binding experiments with TPPP/p25 and HDAC6 as well as functional studies to establish the inhibitory effect of TPPP/p25 on HDAC6 activity. As previously shown, SPR is an appropriate method to characterize the binding of TPPP/p25 to its potential targets, such as tubulin (35, 36) ; thus, the binding of TPPP/p25 to HDAC6 was demonstrated by SPR measurements. HDAC6 was covalently immobilized on the chip, and different concentrations of TPPP/p25-containing solutions were injected over the surface. A typical sensorgram measured at 200 nM TPPP/ p25 is shown in Fig. 4A with the fitted curve used to obtain the steady-state (equilibrium) value of bound TPPP/p25 (in response units (RU)). The steady-state values were plotted as a function of TPPP/p25 concentration to evaluate the apparent dissociation constant (K d ) of the heteroassociation of HDAC6 with TPPP/p25 (Fig. 4B) , which was found to be 112 Ϯ 20 nM.
To establish whether tubulin counteracts the binding of TPPP/p25 to HDAC6, 90 nM TPPP/p25 mixed with different concentrations of tubulin was injected over the surface covered with HDAC6. As illustrated in Fig. 4B , the increase of tubulin concentration reduced the amount of TPPP/p25 bound to the immobilized HDAC6. At 1 M tubulin concentration, the sensorgram indicated no protein binding to the HDAC6 immobilized on the chip. A plausible explanation for this finding is that TPPP/p25 complexed with tubulin does not associate with HDAC6.
The functional effect of TPPP/p25 binding on HDAC6 activity was measured using a fluorometric HDAC6 assay. The additionofTPPP/p25totheHDAC6assayresultedinaconcentration-dependent inhibition, reaching almost full (90%) inhibition of HDAC6 activity in vitro. The IC 50 value evaluated from the dose-response curve was 350 Ϯ 60 nM (Fig. 4C) .
Effects of TPPP/p25 and Tubulin Acetylation on the Stabilization of the Microtubule Network-We previously showed that TPPP/p25 expression causes microtubule resistance to the anti-microtubular agent VBL and suggested a role of the TPPP/ p25 bundling activity in microtubule stabilization (9) . We sought to determine whether this TPPP/p25-derived bundling activity and/or the TPPP/p25-derived tubulin acetylation was responsible for the stabilization of the microtubules.
In a first set of experiments, the microtubule stability of HeLa cells transiently transfected with the pEGFP-TPPP/p25 plasmid was investigated by fluorescence microscopy in the absence or in the presence of the anti-microtubular agent nocodazole (Fig. 5) or by incubating the cells at low temperature. The ␣-tubulin immunostaining showed that the organization of the microtubule network in untransfected cells (control 
TABLE 1 Effect of TPPP/p25 on the acetylation level of microtubules modulated by the inhibitor of HDAC6
HeLa cells transiently transfected with the pEGFP-TPPP/p25 were treated with 10 nM or 500 nM TSA (HDAC6 inhibitor). After overnight incubation, the cells were immunostained for acetylated tubulin. The fluorescence signal of individual cells was quantified to obtain the acetylation level and expressed relative to the degree of acetylation observed for control cells (100%). The status of the microtubules (normal, bundled, or depolymerized) was also determined. Values are shown Ϯ S.E. n (control) ϭ 63, n (10 nM TSA) ϭ 121, n (500 nM TSA) ϭ 36, n (TPPP/p25) ϭ 43, n (TPPP/p25 ϩ 500 nM TSA) ϭ 21, n (TPPP/p25 ϩ 10 nM TSA) ϭ 39. These data are representative of three independent experiments. cells) appeared as fine filaments radiating from the centrosome toward the periphery, whereas the microtubules were bundled and displayed distinct ultrastructures in the TPPP/p25-expressing cells (Fig. 5A ). These ultrastructures and the cellular morphology were highly dependent on the expression level of TPPP/p25 (9) . The nocodazole treatment of the control cells resulted in the homogeneous distribution of ␣-tubulin, due to the depolymerization of the microtubules (Fig. 5B) . In contrast, the bundled microtubules of the TPPP/p25-expressing cells showed resistance to nocodazole, whereas the unbundled microtubules became depolymerized. Similar results were obtained when the disassembly of the microtubules were induced by cold treatment (data not shown). Next, the cells were immunostained for acetylated ␣-tubulin to visualize the stability of the post-translationally modified microtubule network. A representative fluorescent picture demonstrates that ␣-tubulin acetylation in HeLa cells was taking place exclusively in TPPP/p25-expressing cells (Fig. 5C ) that were showing resistance to nocodazole (Fig. 5D ) and cold treatment (data not shown) in case of bundling.
Acetylation level
To monitor the effect of acetylation on the microtubule network, a similar set of experiments was performed; however, the cells were also treated with TSA. Due to the inhibition of HDAC6, virtually all of the microtubules became acetylated (Fig. 6A) . The microtubule network was similar to that of the untreated cells immunostained for ␣-tubulin (Fig. 5A) . In addition, the microtubule network of TPPP/p25-expressing cells was also bundled (Fig. 6A) , suggesting that the bundling effect apparently was not affected by the acetylation status of the microtubule network. The subsequent addition of TSA and nocodazole resulted in a complete depolymerization of the acetylated microtubules in the untransfected cells. In contrast, within the TPPP/p25-expressing cells, only the unbundled microtubules became depolymerized, whereas the bundled microtubules were preserved (Fig. 6B) . A similar effect was observed after cold treatment (data not shown), further suggesting that TPPP/p25 induces microtubule stabilization via its microtubule bundling activity and independently of its concomitant acetylation-promoting activity.
In another set of experiments, the stability of the microtubule network of HeLa cells and CG-4 progenitor cells was assessed in the absence and presence of paclitaxel, TSA, VBL, or TSA plus VBL. The partition of the soluble and polymerized tubulins was quantified by immunoblotting using an ␣-tubulin antibody (Fig. 7) . In untreated HeLa cells, the tubulin appeared predominantly in a polymerized form, whereas it was distributed between the two fractions in CG-4 progenitor cells. After VBL treatment, the partition of the tubulin between the two fractions was altered; mainly all tubulin appeared in the soluble fraction in both cell types. In the presence of paclitaxel, as expected, the polymerized form of tubulin was exclusively detected. Because the acetylation of the microtubules produced by TSA treatment virtually did not protect microtubules from the depolymerization induced by VBL (TSA plus VBL), this indicates that tubulin acetylation did not increase the stability of the microtubules (Fig. 6 ). Of note, the expression level of the endogenous TPPP/p25 was rather low in CG-4 progenitor cells; thus, its effect on microtubule stabilization was slight. However, a small amount of polymerized tubulin could be detected in the presence of VBL, whereas in HeLa cells, which did not express endogenous TPPP/p25, the depolymerization was complete.
Effect of TPPP/p25 on the Dynamics of the Microtubule System-The inhibition of HDAC6 has been proposed to regulate the dynamics of the microtubule network (37). Because we identified TPPP/p25 as a novel inhibitor of HDAC6, we thought to establish the effects of TPPP/p25 on the dynamics of the microtubule system.
We examined the growth velocity of the microtubules by time-lapse video microscopy using the GFP-coupled plus-endtracking protein EB3 as a powerful marker to visualize microtubule dynamic events (38) . As shown in Fig. 8A , the GFP-EB3 protein appeared as many moving fluorescent dashes at the tip of the microtubules. The growth velocity was calculated by superimposing two successive images taken at 5-s intervals and by measuring the velocity of the displacement of the microtubule tips. In this experiment, the HeLa cells were transiently transfected with the pDsRed-TPPP/p25 construct, which rendered it possible to monitor GFP-EB3 in parallel. Treatment of HeLa cells with TSA significantly decreased the degree of the tip displacement and hence the microtubule growth velocity (Fig. 8B) , consistent with a previous observation obtained with melanoma cells (37) . The analysis of the microtubule growth velocities in the TPPP/p25-expressing cells revealed that the presence of TPPP/p25 produces a reduction in the growth velocity, similar to that observed after TSA treatment (Fig. 8B) . Therefore, it is likely that the growth of the microtubules is affected by the inhibitory effect of TPPP/p25 on HDAC6. This observation underlines that TPPP/p25 acts as a HDAC6 inhibitor and regulates the growth velocity by inhibiting HDAC6, similarly to what has been shown for other HDAC6 inhibitors (37) .
We also examined the influence of TPPP/p25 on the cell motility because it was reported that the inhibition of tubulin deacetylation decreased cell motility (12, 39) . The changes in cell motility were assayed by measuring velocity of cellular movements by time-lapse microscopy on the basis of their displacement between two successive image frames taken at 10-min intervals. The effect of microtubule acetylation on cell motility was studied on TSA-treated cells, which showed decreased cell motility when compared with untreated cells (Fig. 9) . The treatment of these cells with paclitaxel, which stabilizes the microtubules without changing the level of acetylation at the given concentration (40 nM) (20) , also decreased cell motility (Fig. 9) . The velocity of the EGFP-TPPP/p25-expressing cells was slower and faster when compared with that of TSA-and paclitaxel-treated cells, respectively, whereas the expression of EGFP alone had no influence on cell motility (Fig.  9) . Taken together, these results indicate that the expression of TPPP/p25 influences cell motility; however, the precise mechanism of its action requires further investigations because TPPP/p25 regulates both microtubule acetylation and stability, which are two distinct processes regulating cell motility.
DISCUSSION
We previously showed that TPPP/p25 specifically colocalized with the microtubule network of the cytoskeleton in mammalian cell lines and that this colocalization was dynamic (9) . We now show that TPPP/p25, in addition to its bundling activity causing microtubule stabilization, promoted acetylation of ␣-tubulin at Lys-40 along the microtubule network. Our data revealed that the level of tubulin acetylation increased by the expression of TPPP/p25 in HeLa cells and in CHO10 cells (cf. Figs. 1 and 3) . A similar phenomenon was also observed with the oligodendrocyte-like CG-4 cell line (cf. Fig. 1 ), where increases of TPPP/p25 and acetylated tubulin levels take place in parallel during the differentiation process of the oligodendrocyte progenitor cells into mature oligodendrocytes, whereas down-regulation of TPPP/p25 by specific siRNA results in a simultaneous decrease of TPPP/p25 and acetylated tubulin levels, similar to that observed with the CHO10 cells, where abolition of TPPP/p25 induction caused reduction in the level of the two proteins.
Some contradictory data have been published in the literature concerning the role of tubulin acetylation in the microtubule stabilization (19, 20, 22, 40) . Our present data obtained with HeLa cells treated with TSA showed that acetylation itself does not produce stable microtubules, as evidenced by a high sensitivity to the different anti-microtubular treatments, including nocodazole and cold exposure (cf. Fig. 6 ). However, the TPPP/p25-induced microtubule bundling was able to protect the microtubules from the depolymerization effect of the anti-microtubular agent (cf. Fig. 6 ). Thus, our results underline the previously proposed view, namely that the microtubules could not be stabilized by acetylation itself; rather other mechanisms could be responsible for this, and these stable microtubules then accumulate acetylated tubulins (22, 40) . We propose that the expression of TPPP/p25, as a MAP (7, 41) , could be a factor that induces the stabilization of the microtubule network via its bundling activity.
We also demonstrated that TPPP/p25 interacts with HDAC6 in vitro, and this interaction results in concentration-dependent inhibition of the HDAC6 deacetylase activity (cf. Fig. 4 ). This finding suggests that the heteroassociation of the two proteins leads to a successive acetylation of the microtubule network. A similar phenomenon has been reported for Tau, an important MAP of the central nervous system, which was found to inhibit HDAC6 deacetylase activity (with a maximum inhibition of 65%) (42) , whereas TPPP/p25 resulted in virtually complete inhibition in the same concentration range. This new observation might imply innovative aspects because HDAC6 with its ubiquitous deacetylase activity is considered as a potential target of drugs for treating different human diseases (43-46). Moreover, our finding that the interaction of TPPP/p25 and HDAC6 was reduced by the presence of tubulin, with the extent of the effect depending on the tubulin concentration and reaching practically complete inhibition at 1 M tubulin concentration (cf. Fig. 4B ), may suggest that HDAC6 and tubulin compete for the same binding "domain" of the unfolded TPPP/p25. Because TPPP/p25 has a similar sequence (GSHKERFDPS-GKG) with the tubulin binding domain of Tau (GSLGNIHHK-PGGGQ) and Tau interacts with HDAC6 with its microtubule binding domain (42) , it can be hypothesized that the binding domain of TPPP/p25 to HDAC6 corresponds to its tubulin binding domain.
The role of tubulin acetylation in the dynamics of the microtubule system, a characteristic feature that is crucial for its physiological functions, has been extensively investigated because the dynamics of the microtubules enables the cells to rapidly reorganize the microtubule cytoskeleton in the course of cellular polarization, migration, and mitotic division (11) (12) (13) . In these complex processes, both the decoration of the microtubules by the dynamic association of proteins (47) and the post-translational modifications play an important role (21, 22, 48) . However, the molecular mechanisms of these events are not yet well defined (49 -51) . Therefore, the discovery of new MAPs could contribute to the further understanding of the reorganization of the microtubule system in physiological and pathological conditions. Here we showed that TPPP/p25 influences the microtubule growth velocity (cf. Fig. 8 ) as well as the microtubule-derived cell motility (cf. Fig. 9 ) by affecting the stability and the acetylation of the microtubules. Our present data suggest that the inhibitory effect of TPPP/p25 on the microtubule growth velocity could be related to its HDAC6-inhibitory activity because HDAC6 controls the microtubule dynamics via its interaction with the plus-end tip-binding proteins, an interaction that is prolonged by the presence of inhibitors, making the capping activity of HDAC6 more pronounced (37) .
The change in the tubulin acetylation during the course of differentiation, myelination/migration of oligodendrocytes could be potentially important. We propose that TPPP/p25 controls the differentiation of oligodendrocytes via microtubule acetylation by inhibition of tubulin deacetylation; however, a possible activating effect on tubulin acetyltransferase(s) cannot be excluded and merits further experiments. Moreover, the TPPP/p25-induced microtubule stabilization by its bundling activity could also be essential for the maintenance of the projections of myelinating oligodendrocytes. In addition, the role of TPPP/p25 in cell motility could have a potentially important impact in remyelination as well as when oligodendrocyte progenitor cells need to migrate to their target destination in vivo (11) .
